The temperature-dependent thermal conductivity~(T) of amorphous silicon has been calculated from equilibrium molecular-dynamics simulations using the time correlations of the heat flux operator in which anharmonicity is explicitly incorporated. The Stillinger-Weber two-and three-body Si potential and the Wooten-Weaire-Winer a-Si model were utilized. The calculations correctly predict an increasing thermal conductivity at low temperatures (below 400 K). The~(T), for T) 400 K, is affected by the thermally generated coordination-defect states. Comparisons to both experiment and previous calculations will be described.
explicitly. At high temperature there is almost no difference between TMD and T so that the classical molecular dynamics directly provides the high-temperature limit. However, since the temperature regime we are mostly concerned with is below the Debye temperature (about 500 K for amorphous silicon), ' the temperature rescaling is necessary.
In addition to the temperature rescaling, the temperature gradient, BTMD/BT multiplies the thermal conductivity since the gradient is implicitly associated with the thermal conductivity such that
where Q is the heat fiux. Thus the thermal conductivity is rescaled in addition to the temperature scaling. As shown in Fig. 1(b rises and thus this should increase thermal conductivity. It is also based on using the zerotemperature relaxed static amorphous silicon network for calculations at all temperatures, which does not take into account changes in the structure or coordination defect densities with temperatures. ' T, where T -is the melting temperature (Fig.   2 ). Since the temperature was high enough, the temperature and thermal conductivity rescaling were unnecessary. We have also verified that the time integral of Eq.
(1) was consistent with extrapolation of i~'(cu, T) [Eq. (5)] to zero frequency, verifying the validity of our computational procedure.
As expected for crystalline materials, the hightemperature thermal conductivity decreases with temperature, due to the increase of the anharmonic effects with increasing temperature. (5) and extrapolated the calculation to the zero-frequency limit (Fig. 3) for various temperatures. The frequency-dependent thermal conductivity for amorphous silicon for various temperatures (Fig. 3) incorporates the quantum corrections described in Eqs. (6) Fig. 3 . This suggests that Rayleigh scattering with a decay of co is a valid representation of the high-frequency regime. This Rayleigh scattering has been suggested by other authors. ' The absence of long-wavelength modes due to the finite size of the simulation box in our calculation severely depletes the contribution to the static thermal conductivity and leads to the dip in the calculated v(co) at low frequency. The v(co) whose mean free path is less than the system size (16.13 A) is explicitly included in our timecorrelation function of heat-ffux operator [Eq. (3)j. However, the thermal propagating modes that are not scattered by the phonons and have a mean free path greater than the system size, have been lost due to the finite system size. In principle if we used an infinite size simulation system, the low-frequency dip would vanish. The position of our peak in yc(co) is similar to the result of AF and is approximately independent of temperature.
The dip of a(co) at low frequencies below 1 meV is also associated with two other practical limitations in MD simulation. Firstly, the finite time of the computer run (48.5 ps) leads to a cutoff'frequency of 0.09 meV. Secondly, the finite size of the system leads to a cutoff frequency of approximately 6 meV, below which there are no extended modes. If the size of the system is bigger, we would have higher peaks. This was confirmed by AF. ' In the limit of an infinite size system and an infinite sirnulation time, peak of~(co) would occur at exactly co=0. AF have argued that the a(co) curve may be smoothly extrapolated to zero frequency to obtain a reasonable theoretical estimate for the static thermal conductivity. We adopt this ansatz to obtain the temperature dependent a(T) in Fig. 4 . We also estimate numerical errors both from the extrapolation procedure and from the finite time runs, and display these in Fig. 4 . Illustrated in Fig. 4 Our calculated value of~( T) rises slowly with temperature, reaches a maximum near 300 K and shows a small decrease above 400 K. The essential behavior of the feature is basically similar to the experiment' and also to previous theoretical work. In this temperature regime, the static phonon mean free paths l can be assigned to its maximum value which is the phonon wavelength k or the scale of disorder, ' while the heat capacity still increases and reaches a saturation value at high temperature. Thus the thermal conductivity basically follows the heat capacity which was explicitly introduced in Fig. 1(b ' We also observed that the location of the coordination defects changes with temperature, suggesting defect diffusion. The temperature-induced coordination defects act as new scattering centers for phonons and lead to the decrease in thermal conductivity above 400 K. We refer to this as the defect effect. In addition to the increase in defect densities above 400 K, we need to consider the alternative mechanism of increasing phonon-phonon scattering at higher T which can also lead to decreasing v(T). We take into account here two sources for the phonon lifetimes. These are (i) scattering from static structural disorder with a lifetimẽ , -the analogue of impurity scattering in crystals, and (ii) phonon-phonon scattering with a lifetime of rz, which is temperature dependent. If the average phonon lifetime from both processes is~, then processes in the system, the thermal effect and the coordination defect states. At low temperature, the thermal conductivity increases due to the fact that the thermal effect increases the heat capacity. The quantum corrections are necessary. Thus the thermal effect is dominant at the low-temperature regime. At high temperature above 400 K, the coordination defects increase as shown in Fig. 5 The scattering or thermal transport is dominated by the scattering process with a shorter lifetime. In crystalline materials one expects the impurity contribution~, to the lifetime to be much larger than~2 at room temperature, so that the high-temperature~is governed by phonon-phonon interactions. Alternatively, in strongly disordered systems, such as a-Si, one expects , &~z at room temperature, i.e. , much stronger scattering from the static structural disorder -an inference also in this case the increase in defect states dominates the thermal eFect and thus the thermal conductivity de- creases. The coordination defects are a property of the SW Si potential. A similar high density of Aoating bonds has also been observed in melt-quenched a-Si models generated by Luedtke and Landman. ' The decrease in ir( T) above 400 K is mainly a consequence of these coordination defects, and was not present in the AF calculation. Beyond 1100 K the amorphous network may melt and the thermal conductivity decreases further.
Our calculated values of the thermal conductivity are lower than those of experiment in the low-temperature regime 50 -200 K, but they approach values in good agreement with experiment at 300 -400 K. In fact, the classical MD simulations are supposed to yield the correct high-temperature limit. The discrepancy between experiment and theory at low temperatures is due to the absence of long-wavelength propagating modes in our model that have mean free paths longer than our simulation cell size, and hence can e%ciently transport heat. However, we do account for long-wavelength modes (below 6 meV) that have mean free path smaller than the size of the cell. We expect a better comparison with experiment can be achieved in simulations using a larger cell.
We can make a simple estimate of the thermal conductivity arising from the missing long-wavelength modes.
Generally the thermal conductivity ir(T) can be written The first term is the convection term describing atomic diffusion and is expected to be significant only at high temperatures near melting. The second term describes the correlations between neighboring atoms, including anharmonic eff'ects. Equation (14) is easier to interpret physically. The thermal current from the second term directly depends on the scalar product of the velocity vI of atom l and the force F&, exerted by atom i on atom l, consistent with the physical picture of heat transport. Equation (14) also provides the correct direction of heat transport and is equivalent to Eq. (3) in the text.
